Background {#Sec1}
==========

Breast cancer is the most common cancer diagnosed among women worldwide and the leading cause of cancer deaths among women \[[@CR1]\]. Breast cancer is usually regarded as a hormone-related cancer, with approximately 70--80% of cases being estrogen receptor-positive \[[@CR2]\]. Experimental studies show that thyroid hormones can stimulate cell proliferation in breast tissue \[[@CR3], [@CR4]\]. At high serum concentrations, thyroid hormones can have estrogen-like effects \[[@CR5]--[@CR7]\], which induce the expression of progesterone receptors \[[@CR6]\] and can enhance estradiol-mediated effects on cell proliferation \[[@CR3], [@CR8]\].

Several population-based studies have reported hyperthyroidism (excessive production of thyroid hormones) to be associated with breast cancer \[[@CR9]--[@CR12]\], while others have found no association \[[@CR13]--[@CR15]\]. The disparity of findings may be explained by differences in study design, small sample sizes, or using a specific subgroup of women. Moreover, no study to date has examined the impact of different subtypes of hyperthyroidism on breast cancer risk, which may differ in their pathological process.

Although it is shown that thyroid hormones are associated with breast tissue proliferation and a subsequent increase in breast cancer risk \[[@CR3], [@CR4]\], the association between hyperthyroidism and mammographic features of breast tissue is less studied \[[@CR16]\]. Mammographic density refers to the percentage of radiologically dense epithelium, stroma, and connective tissues identified in a mammogram. Mammographic density is a widely used mammographic feature for breast cancer risk prediction and is considered an intermediate phenotype for breast cancer \[[@CR17], [@CR18]\]. It can therefore be a powerful proxy when investigating the association between hyperthyroidism and breast cancer.

Besides the direct effect of thyroid hormones on breast cancer risk, the association between hyperthyroidism and breast cancer could also be explained by genetic pleiotropic pathways leading to both hyperthyroidism and breast cancer \[[@CR19]\]. A recent study has shown an association between thyroid-related single nucleotide polymorphisms (SNPs) and breast cancer risk \[[@CR20]\]. However, it is still unclear whether a genetic predisposition to breast cancer is associated with hyperthyroidism, which is important for examining a potential pleiotropic genetic effect.

In this study, we investigated mechanisms behind the association between hyperthyroidism and breast cancer. Specifically, whether a genetic susceptibility to breast cancer, measured using polygenic risk score and mammographic density, could explain some of this association, while being able to account for important factors such as menopausal status, body mass index (BMI), and reproductive health.

Methods {#Sec2}
=======

Study populations {#Sec3}
-----------------

To study the association between hyperthyroidism and breast cancer risk, we used two cohorts: (1) a Swedish national cohort of the general female population and (2) a mammographic screening-based cohort, Karolinska Mammography Project for Risk Prediction of Breast Cancer (KARMA) (Additional file [1](#MOESM1){ref-type="media"}: Fig. S1).

The national cohort included all women above age 20 years, who lived in Sweden between 2002 and 2011 (*N* = 3,793,492). Having a main diagnosis of hyperthyroidism was retrieved from the Swedish Patient Register and classified according to the International Classification of Diseases (ICD) code E05. Types of hyperthyroidism were defined by the ICD codes E050 (Graves' disease), E051--E052 (toxic nodular goiter), and E053--E059 (other or unspecified types). Follow-up of the cohort ended on the date of breast cancer diagnosis, date of death, date of emigration, or end of follow-up (December 31, 2011), whichever came first. Information on breast cancer diagnosis, death, and emigration was obtained by using unique personal identification numbers to link the cohort to the Swedish Cancer Register, Swedish Cause of Death Register, and the Swedish Migration Register. The Swedish Cancer Register was founded in 1958. The completeness and accuracy of this register are estimated at 99 and 96%, respectively \[[@CR21]\]. The ICD-7 code 170 was used to identify breast cancer diagnoses in the cancer register and to exclude breast cancer cases before 2002.

KARMA is a screening-based cohort, formed through an invitation to all women participating in a mammographic screening or clinical mammography in one of four hospitals in Sweden between January 2011 and March 2013 \[[@CR22]\]. During the recruitment period, 70,877 women consented to join the study, with a participation rate of 34%. Aside from mammographic imaging and blood sample collection, participants also answered a web-based questionnaire including demographic, anthropometric, reproductive, lifestyle, and familial risk factors related to breast cancer. This cohort was linked to the Swedish Patient Register to retrieve diagnoses of hyperthyroidism. Breast cancer cases in the cohort were identified through linkage to the Swedish Cancer Register. For consistency with the national cohort, follow-up of the KARMA cohort also started from 2002, and ended with the same criteria as the national cohort, except for an extension of the follow-up time until Dec 29, 2017. We therefore excluded women with hyperthyroidism or breast cancer before 2002, ending with the final study population of 69,598 women. Characteristics of women in the national and the KARMA cohort are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S1.

Polygenic risk score {#Sec4}
--------------------

Blood samples from a subset of 11,991 women who did not have breast cancer when they joined the KARMA cohort were genotyped. These women were part of the Breast Cancer Association Consortium and were randomly selected as controls for the genome-wide association studies (GWAS) \[[@CR23], [@CR24]\]. Genotyping was performed using a custom Illumina iSelect array (iCOGS), comprising 211,155 SNPs \[[@CR23]\], or OncoArray comprising of 499,170 SNPs \[[@CR24]\]. Details of the array design, sample handling, quality control processes, and imputation of non-genotyped variants are described elsewhere \[[@CR23], [@CR25]\]. Hyperthyroidism cases were defined as women who were diagnosed with hyperthyroidism from 2002 to 2017, while the controls were women without a diagnosis of hyperthyroidism. To assess whether hyperthyroidism is associated with a genetic predisposition of breast cancer, we selected 171 genome-wide significant SNPs reported in a recent meta-analysis of breast cancer GWAS for constructing polygenic risk scores, for breast cancer overall and by estrogen receptor (ER) status \[[@CR25]\]. For all individuals, a weighted polygenic risk score (PRS) was calculated using the following formula: $$\documentclass[12pt]{minimal}
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Mammographic density {#Sec5}
--------------------

Full-field digital mammograms from mediolateral oblique views of the left and right breasts in the most recent screening before 2017 were used. For the KARMA cohort, we used the area-based STRATUS method to measure mammographic density \[[@CR26]\]. Percent density was calculated by dividing the dense area by the total breast area in the mammogram and further categorized into quartiles. For this part of the study, we excluded women with any cancer diagnosis, as well as those who had a breast enlargement, reduction, or surgery, resulting in a final study population of 51,928. Only women diagnosed with hyperthyroidism before the latest screening were considered as cases.

The study was approved by the Regional Ethical Review Board in Stockholm, Sweden (Dnr 2010/958-31/1, 2012/217/-32/2, and 2014/1401-32).

Statistical analysis {#Sec6}
--------------------

For both cohorts, the incidence rate ratio (IRR) of breast cancer among hyperthyroidism patients was calculated using Poisson regression, using attained age as the time scale and adjusting for calendar period (3-year categories). For these analyses, hyperthyroidism was treated as a time-varying exposure, in which the exposed person-time was counted from 3 months after the hyperthyroidism diagnosis (index date) and the unexposed person-time was counted from Jan 1, 2002, and ended on the date of breast cancer diagnosis, date of death, date of emigration, index date, or end of follow-up, whichever came first. The analysis was further stratified by menopausal status, age and time since hyperthyroidism diagnosis, and type of hyperthyroidism. In the analyses, Model 1 adjusted for calendar period and Model 2 further adjusted for BMI, age at menarche, number of births, family history of breast cancer, oral contraceptive use, hormone replacement treatment, and having had a benign breast disease.

The association between hyperthyroidism and various lifestyle risk factors for breast cancer were assessed among KARMA women using logistic regression models. These risk factors included having had a benign breast disease, number of births, age at first birth, breastfeeding duration, BMI, family history of breast cancer, oral contraceptive use, hormone replacement therapy use, age at menarche, and menopausal status. Two models were conducted for this analysis, a univariable model and a multivariable model adjusting for all these risk factors simultaneously.

Given that mammographic density is causally related to breast cancer risk, we also tested the association between having a prior diagnosis of hyperthyroidism and mammographic density among KARMA women using logistic regression models. Model 1 was the univariable model, Model 2 adjusted for age at mammogram and BMI, and Model 3 further adjusted for age at menarche, number of births, family history of breast cancer, oral contraceptive use, hormone replacement treatment, and having had a benign breast disease. Linear regression models were also used to test the effect of hyperthyroidism on mammographic density (square root transformed) as a continuous variable.

To test the association between hyperthyroidism and having a genetic predisposition to breast cancer, we used logistic regression models to calculate the ORs of hyperthyroidism among KARMA women who had been genotyped, by quartiles of PRS for breast cancer overall, for ER-positive cancers, and for ER-negative cancers. These associations were adjusted for age, the first three principle components, and for genotyping array. We further adjusted for age at menarche, number of births, family history of breast cancer, BMI, menopausal status, oral contraceptive use, hormone replacement treatment, and having had a benign breast disease.

Statistical analyses were performed using SAS (version 9.4; SAS Institute Inc., Cary, NC, USA) and Stata software (version 15.0; Stata Corporation, College Station, TX).

Results {#Sec7}
=======

In the national cohort, 389 cases of breast cancer patients were observed during 133,154 person years following a diagnosis of hyperthyroidism, corresponding to an incidence rate of 2.9/1000 person years. Patients with hyperthyroidism experienced a 23% increased risk of breast cancer (IRR = 1.23, 95% CI = 1.12--1.36). In the KARMA cohort, there were 36 cases of breast cancer after hyperthyroidism diagnosis during a follow-up time of 7930 person years, corresponding to an incidence rate of 4.5/1000 person years. KARMA women with a diagnosis of hyperthyroidism also had a 22% increased risk of breast cancer, although the association was not statistically significant in the multivariable adjusted model (IRR = 1.22, 95% CI = 0.88--1.70). In both cohorts, women diagnosed with hyperthyroidism aged younger than 40 years had a significantly increased risk of breast cancer, while there was no strong difference for the risk of breast cancer according to menopausal status (Table [1](#Tab1){ref-type="table"}). Analyses by type of hyperthyroidism in the national cohort indicated a stronger association between breast cancer and toxic nodular goiter (IRR = 1.38, 95% CI = 1.16--1.63). Table 1Risk of breast cancer in women in the national and KARMA cohorts with a diagnosis of hyperthyroidism, compared to women without hyperthyroidismSwedish national cohort *N* = 3,793,492 (2002--2011)KARMA cohort *N* = 69,598 (2002--2017)No. HTNo. BCIRR (95% CI) Model 1No. HTNo. BCIRR (95% CI) Model 1IRR (95% CI) Model 2Overall28,136389**1.23 (1.12--1.36)**1034361.23 (0.88--1.70)1.22 (0.88--1.70) Premenopausal11,298541.28 (0.98--1.68)35361.14 (0.51--2.54)1.11 (0.50--2.48) Postmenopausal19,668335**1.23 (1.10--1.36)**1010301.27 (0.88--1.82)1.26 (0.88--1.81)By age (years) \< 40665925**1.51 (1.02--2.24)**1066**3.16 (1.41--7.05)3.14 (1.41--7.02)** 40--557284941.15 (0.94--1.41)48190.74 (0.38--1.42)0.73 (0.38--1.40) \> 5514,633270**1.24 (1.10--1.40)**447211.38 (0.90--2.12)1.38 (0.90--2.13)By years since hyperthyroidism diagnosis 0--228,136123**1.23 (1.03--1.47)**1034101.70 (0.92--3.17)1.69 (0.91--3.14) 2--522,648157**1.25 (1.07--1.46)**91591.02 (0.53--1.96)1.01 (0.52--1.94) \>514,0261091.21 (1.00--1.46)696171.16 (0.72--1.87)1.16 (0.72--1.87)By types of hyperthyroidism Graves' disease16,552201**1.17 (1.02--1.35)**736271.34 (0.92--1.96)1.33 (0.91--1.95) Toxic nodular goiter7113130**1.38 (1.16--1.63)**278131.43 (0.83--2.47)1.43 (0.83--2.47) Others or unspecified14,592187**1.20 (1.04--1.38)**37770.78 (0.37--1.64)0.78 (0.37--1.63)Hyperthyroidism patients were identified by the main diagnosis given in the inpatient and outpatient registers. IRRs were calculated by comparing hyperthyroidism patients to women without hyperthyroidism using Poisson regression, using age as the underlying time scale. In the analyses stratified by menopausal status, women with age younger than 50 in the national cohort were considered as premenopausal women, while in the KARMA cohort, the exact age at menopause was used. Model 1 adjusted for calendar period, and Model 2 further adjusted for BMI, age at menarche, number of births, family history of breast cancer, hormone replacement therapy use, oral contraceptive use, and benign breast disease. Statistically significant results are bolded*HT* hyperthyroidism, *BC* breast cancer, *IRR* incidence rate ratio, *CI* confidence interval

Among the major risk factors for breast cancer, a diagnosis of hyperthyroidism was significantly associated with obesity (BMI \> 30, OR = 1.28, 95% CI = 1.01--1.61), which was predominantly driven by toxic nodular goiters (Additional file [1](#MOESM1){ref-type="media"}: Table S3). Other reproductive factors including early age at first birth, breastfeeding for less than a month, and menopausal status were also associated with hyperthyroidism (Table [2](#Tab2){ref-type="table"}). Table 2The association between hyperthyroidism and major breast cancer risk predictors in KARMA cohort (*N* = 67,518)Variable namesNo. of non-hyperthyroidismNo. of hyperthyroidismOR1 (95% CI)OR2 (95% CI)Benign breast disease No47,3454511.00 (REF)1.00 (REF) Yes13,8201351.03 (0.85--1.24)1.01 (0.83--1.22)Number of births 07836781.00 (REF)1.00 (REF) 19032961.07 (0.79--1.44)1.07 (0.79--1.45) 229,4712961.01 (0.79--1.30)1.03 (0.80--1.33) \> 215,2451300.86 (0.65--1.14)0.86 (0.65--1.14)Age at first birth\*(years) \< 2518,1672061.00 (REF)1.00 (REF) 25--2919,023161**0.75 (0.61--0.92)0.78 (0.63--0.97)** ≥ 3016,5361550.83 (0.67--1.02)0.90 (0.71--1.14)Breastfeeding duration\* (months)  \< 14557601.00 (REF)1.00 (REF) 1--619,2762100.83 (0.62--1.10)0.86 (0.64--1.15)  \> 629,220249**0.65 (0.49--0.86)0.73 (0.54--0.98)**BMI (kg/cm^2^) category \< 18.563961.03 (0.46--2.32)1.03 (0.46--2.33) 18.5--2534,0763101.00 (REF)1.00 (REF) 25--3019,5181881.06 (0.88--1.27)1.03 (0.86--1.24) \> 30797496**1.32 (1.05--1.67)1.28 (1.01--1.61)**Family history of breast cancer No51,9944951.00 (REF)1.00 (REF) Yes7809771.04 (0.81--1.32)1.02 (0.80--1.30)Oral contraceptive use No12,1621281.00 (REF)1.00 (REF) Yes49,2714710.91 (0.75--1.11)0.95 (0.78--1.16)Hormone replacement therapy use No43,8674141.00 (REF)1.00 (REF) Yes17,2691801.10 (0.93--1.32)0.99 (0.82--1.20)Age at menarche (years) \< 1220,9982171.00 (REF)1.00 (REF) 13--1636,5653450.91 (0.77--1.08)0.92 (0.77--1.09) \> 162966300.98 (0.67--1.44)0.97 (0.66--1.43)Menopausal status Pre-menopausal27,2832251.00 (REF)1.00 (REF) Peri-menopausal3753401.29 (0.92--1.81)1.29 (0.90--1.86) Post-menopausal35,830387**1.31 (1.11--1.54)1.36 (1.02--1.81)**History of irregular menstrual periods No53,6035201.00 (REF)1.00 (REF) Yes7113751.09 (0.85--1.39)1.11 (0.87--1.42)OR1 was calculated using a univariate model while OR2 was calculated with a multivariate model including all risk predictors simultaneously. The analysis was restricted to KARMA women who had not had a breast cancer diagnosis when they entered the study*OR* odds radio, *BMI* body mass index\*Analyses for age at first birth and breastfeeding duration were limited to parous women

When investigating the association between hyperthyroidism and mammographic density, no overall statistically significant association was observed (Table [3](#Tab3){ref-type="table"}). However, a prior diagnosis of toxic nodular goiter was significantly associated with high mammographic density (OR for the highest quartile = 1.79, 95% CI = 1.03--3.11, *p* for continuous = 0.01), even after adjusting for all other potential risk factors for breast cancer (Additional file [1](#MOESM1){ref-type="media"}: Table S4). Table 3The association between hyperthyroidism and mammographic density among KARMA women without a cancer diagnosis (*n* = 51,928)NoYesOR (95% CI)Model 1Model 2Model 3**Mammographic densityQ1**12,7971861.00 (REF)1.00 (REF)1.00 (REF)**Q2**12,8011820.98 (0.80--1.20)1.10 (0.89--1.36)1.09 (0.88--1.35)**Q3**12,8071740.94 (0.76--1.15)1.17 (0.93--1.48)1.16 (0.92--1.47)**Q4**12,8251560.84 (0.68--1.04)1.15 (0.88--1.51)1.14 (0.87--1.49)***P*for square root continuous**0.130.130.20Model 1 is the univariate model. Model 2 adjusted for age and BMI. Model 3 further adjusted for age at menarche, number of births, family history of breast cancer, hormone replacement therapy use, oral contraceptive use, and benign breast disease

Among KARMA women with genotyped data, a higher PRS for breast cancer was associated with hyperthyroidism (OR for the highest quartile = 1.98, 95% CI = 1.09--3.60). This association was mainly driven by the association between hyperthyroidism and ER-positive breast cancer (OR for the highest quartile = 1.90, 95% CI = 1.04--3.43) (Table [4](#Tab4){ref-type="table"}). There was no association between hyperthyroidism and PRS for ER-negative breast cancer. Table 4The association between hyperthyroidism and breast cancer polygenic risk scores (PRS) among women in the KARMA cohort (*N* = 11,991)No.No. caseOR1 (95% CI)OR2 (95% CI)PRS for BC overall Q12952461.00 (REF)1.00 (REF) Q22952461.05 (0.69--1.59)1.08 (0.71--1.64) Q32964340.93 (0.55--1.56)0.95 (0.56--1.60) Q4293760**1.90 (1.05--3.45)1.98 (1.09--3.60)***P* for trend0.070.06 Standardized continuous1.19 (0.96--1.48)1.21 (0.97--1.50)PRS for ER + BC Q12953441.00 (REF)1.00 (REF) Q22948501.19 (0.79--1.80)1.22 (0.81--1.85) Q32965330.91 (0.54--1.53)0.93 (0.55--1.57) Q4293959**1.83 (1.01--3.30)1.90 (1.04--3.43)***P* for trend0.090.07 Standardized continuous1.18 (0.96--1.46)1.20 (0.97--1.48)PRS for ER − BC Q12952451.00 (REF)1.00 (REF) Q22958410.92 (0.60--1.41)0.93 (0.61--1.43) Q32947511.16 (0.77--1.75)1.19 (0.79--1.80) Q42948491.12 (0.73--1.72)1.15 (0.75--1.77)*P* for trend0.410.33 Standardized continuous1.07 (0.92--1.25)1.09 (0.93--1.27)Analysis was performed among KARMA women without breast cancer and who had genotyped data. OR1s were adjusted for age, array of genotyping, and principle components. OR2s were additionally adjusted for BMI, menopausal status, age at menarche, number of births, family history of breast cancer, HRT use, oral contraceptive use, and benign breast disease. Statistically significant results are bolded*No. case* the number of hyperthyroidism patients, *No.* the number of women without hyperthyroidism, *OR* odds ratio, *CI* confidence interval, *ER* estrogen receptor

Discussion {#Sec8}
==========

Women diagnosed with hyperthyroidism had an increased risk of breast cancer, compared to the general population. This finding was more pronounced among those diagnosed at a younger age and with a toxic nodular goiter. Hyperthyroidism was also associated with breast cancer risk predictors such as BMI, age at first birth, and duration of breastfeeding. The association between mammographic density and hyperthyroidism was only observed in women with a diagnosis of toxic nodular goiter. Additionally, having hyperthyroidism was associated with a high PRS for breast cancer, particularly for ER-positive breast cancer.

Our estimates for an increased risk of breast cancer among women diagnosed with hyperthyroidism were the same when analyzing data from the national and KARMA cohorts, which is also consistent with previous estimates in Denmark and Taiwan \[[@CR10], [@CR12]\]. This association, however, was not statistically significant in the KARMA cohort, probably due to a limited number of breast cancer patients (*N* = 36). The association between hyperthyroidism and breast cancer was further supported by an increased risk of breast cancer among women with high serum thyroxine (T4) \[[@CR27], [@CR28]\]. Despite this, the effect of serum triiodothyronine (T3) on breast cancer risk is still conflicting in different studies \[[@CR29], [@CR30]\], which might be influenced by non-thyroidal illness syndrome in cancer patients \[[@CR31]\].

Several biological pathways may exist between hyperthyroidism and breast carcinogenesis. T3 could activate the PI3K pathways mediated by integrin αvβ3 and stimulate breast cancer cell invasion \[[@CR32]\]. In addition, T4 induces MAPK-mediated nuclear ERα phosphorylation and promotes cell proliferation to an extent comparable to the effect of estradiol \[[@CR33]\], which could be inhibited by the T4 analog tetrac \[[@CR34]\].

In addition to the known association between thyroid hormones and breast cancer risk, it has been hypothesized that I-131 (radioactive iodine) treatment for hyperthyroidism may also increase the risk of breast cancer. However, majority of the studies did not find a significant association between I-131 treatment and breast cancer \[[@CR35]--[@CR40]\]. After surgery or radioactive iodine treatment, hyperthyroidism patients may subsequently reach a hypothyroid state and thus be prescribed thyroid replacement medication (e.g., levothyroxine) \[[@CR41]\]. Despite this, a recent meta-analysis did not find an increased risk of breast cancer after subsequent hypothyroidism \[[@CR42]\], nor following treatment with levothyroxine \[[@CR43]\]. Moreover, considering the potential late effect of treatment on breast cancer, the observed association between hyperthyroidism and breast cancer in our study (particularly for short term risk) cannot be explained by the effect of treatment.

In this study, hyperthyroidism was associated with several risk factors for breast cancer. Both Graves' disease and toxic nodular goiter are strongly influenced by pregnancy \[[@CR44], [@CR45]\], which could result in early cessation of breastfeeding and supports our finding of an association between reduced breastfeeding duration and hyperthyroidism. The strong association between hyperthyroidism and breast cancer observed among women aged below 40 years, in both the national and KARMA cohorts, further suggests that closer surveillance for breast cancer may be useful among women diagnosed with hyperthyroidism during their reproductive years.

We found a significantly higher BMI among patients with hyperthyroidism, despite previous knowledge that reduced weight is associated with hyperthyroidism \[[@CR46]\]. This disparity could be explained by treatments for hyperthyroidism, which might eventually result in excess weight gain for patients \[[@CR47], [@CR48]\]. Moreover, the association between hyperthyroidism and BMI was mainly driven by toxic nodular goiters. This finding is consistent with previous studies indicating that obesity is associated with thyroid nodules \[[@CR49], [@CR50]\].

Independent of BMI, toxic nodular goiters were associated with higher mammographic density. While one previous study did not find a significant association between thyroid disorders (including hyperthyroidism and thyroid nodules) and mammographic density, this is likely due to having a limited sample size \[[@CR16]\]. This finding in the KARMA cohort was consistent with the pronounced association between breast cancer and toxic nodular goiter in the national cohort. Unlike Graves' disease which is an autoimmune disease, toxic nodular goiters are likely to be hormone-related, and therefore more closely linked to breast cancer. Nodular thyroid diseases are associated with benign breast disease and breast cancer \[[@CR51], [@CR52]\], and some shared pathways are involved in the proliferation of thyroid and breast tissues \[[@CR4], [@CR53], [@CR54]\]. Hence, the association between hyperthyroidism and breast cancer could result from both a hormonal effect and tissue proliferation and, therefore, possibly mediated through mammographic density.

Additionally, we found a significant association between breast cancer PRS and hyperthyroidism. Among those GWAS significant SNPs for breast cancer, previous studies show that one SNP in the ABO gene is associated with thyroid function \[[@CR55], [@CR56]\]. Another gene overlapping the GWAS for thyroid-stimulating hormone and breast cancer is IGFBP5 \[[@CR25], [@CR56]\], indicating the shared growth hormone/insulin-like growth factor (GH/IGF) pathways between thyroid function and breast cancer. Although insignificant at the GWAS level, one SNP in the DIO1 gene has been associated with both free T4 and breast cancer \[[@CR20]\], suggesting the role of deiodinase activity in the association between thyroid function and breast cancer \[[@CR57]\]. Overall, given the genetic association was only significant for the ER-positive breast cancer PRS, and not for ER-negative PRS, we hypothesize that genetic pleiotropy between hyperthyroidism and breast cancer is involved in the shared hormonal/endocrine pathways for both diseases.

Considering the phenotypic and genetic associations between hyperthyroidism and breast cancer, as well as the beneficial effect of introduced euthyroid hypothyroxinemia in the setting of breast cancer \[[@CR58]\], hyperthyroidism should be considered in the evaluation of women's risk of breast cancer. Despite concerns of possible over-diagnosis and anxiety caused by mammographic screening \[[@CR59], [@CR60]\], better adherence to the scheduled breast cancer screening program is recommended for patients with hyperthyroidism, in order to detect breast cancer at an early stage.

The main strength of our study is having a large sample size and a population-based cohort design, including both Swedish health registers and a mammographic screening cohort. Other strengths include the KARMA cohort containing rich lifestyle, mammographic and genetic data, which allowed us to explore underlying mechanisms for the associations investigated. We also acknowledge several limitations. The validity of ICD codes in the Swedish patient register is about 85--95% \[[@CR61]\], which indicates potential misclassification. Therefore, we tried to minimize any potential misclassification by using main diagnoses only. Due to increased medical surveillance of patients with hyperthyroidism, these women may be diagnosed earlier with breast cancer than women without hyperthyroidism. While this possible bias might slightly shift the temporal risk pattern among women with hyperthyroidism, it would not strongly influence the overall association. An older age at breast cancer diagnosis among patients with hyperthyroidism (see Additional file [1](#MOESM1){ref-type="media"}: Table S1) further argues against this surveillance bias. In the national cohort, we were not able to adjust for breast cancer risk factors. Nevertheless, in the KARMA cohort which contains detailed information on these confounders, multivariable adjustment did not change the point estimates, indicating a weak confounding effect of these breast cancer risk factors. In the analysis of breast cancer risk using the KARMA cohort, we started the follow-up before women entered the KARMA study, which could have introduced survivor bias. However, we believe the effect of any such bias would be minimal, given that hyperthyroidism is not a deadly disease and the same estimates were found using the national cohort.

Conclusion {#Sec9}
==========

In conclusion, we found that women diagnosed with hyperthyroidism were associated with an increased risk of breast cancer and major predictors for breast cancer, including mammographic density and polygenic risk score. These findings may partly be explained by shared genetic and hormonal factors between these two diseases and may contribute to a more comprehensive understanding of hormonal/endocrinal factors contributing to breast cancer risk.
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